The variability of intron density among eukaryotes is puzzling and still debated. Most previous studies have been limited because of the near absence of intron presence-absence polymorphism (IPAP) within species or because comparisons could be made only between distantly related species. We conducted population genetic analyses on eight loci showing IPAP to investigate the effect of natural selection on intron dynamics in a global collection of the panmictic fungal plant pathogen Zymoseptoria tritici and its very close relatives. Five of these loci likely represent recent intron gains because their absence is fixed among the closest relatives of Z. tritici, and three likely represent recent intron losses because their presence is fixed among the close relatives. We analyzed signatures of selection by comparing allele frequencies, nucleotide diversities, and rates of recombination and found compelling evidence that at least two out of the five intron-gain loci, a SWIM zinc-finger gene and a sugar transporter, are under directional selection favoring alleles that gained the intron. Our results suggest that the intron-present alleles of these loci are sweeping to fixation, providing a genetic hitchhiking mechanism to explain rapid intron gain in Z. tritici. The overall findings are consistent with the hypothesis that intron gains are more likely to be driven by selection while intron losses are more likely to be due to neutral processes such as genetic drift.
Introduction
Though spliceosomal introns are a major structural component of most eukaryotic genes, and intron density varies by more than three orders of magnitude among eukaryotes, the source of this puzzling variation as well as the underlying evolutionary forces responsible for intron gains or losses are still debated (reviewed by Jeffares et al. 2006; Roy and Gilbert 2006; Lynch 2007) . Using population genetic theory, Lynch (2002) showed that intron evolution can be viewed as a population genetic process in which intron loss or gain is determined by evolutionary mechanisms such as natural selection or genetic drift. Evolutionary analyses based on comparing genetic variation within and between species provide powerful tools to investigate the role of natural selection and genetic drift on intron dynamics. However, the near absence of intron presence-absence polymorphism (IPAP) has so far limited this kind of approach, with two exceptions investigated in Drosophila teissieri (Llopart et al. 2002; Li et al. 2009 ) and Daphnia pulex (Omilian et al. 2008) .
In a recent study, we utilized population genomic comparisons to identify transitory phases of intron gains and losses in three closely related fungi (Torriani et al. 2011) and identified 74 intron positions showing intraspecific presence-absence polymorphisms for the entire intron. Zymoseptoria tritici (syn. Mycosphaerella graminicola) is a globally distributed plant pathogenic fungus (Eyal 1999) that causes the most economically damaging foliar disease of wheat in Europe (Orton et al. 2011) . Zymoseptoria tritici is characterized by a high effective population size, regular recombination, and significant gene flow (Zhan et al. 2003) . Zymoseptoria tritici has two closely related sister species, Z. pseudotritici and Z. ardabiliae, that were recently discovered infecting uncultivated grasses in the Middle East. It was hypothesized that Z. tritici emerged as a pathogen specialized to infect wheat during the domestication of wheat in the Fertile Crescent approximately 10,000 years ago (Stukenbrock et al. 2007 ). This recently emerged host-pathogen system provides a rare opportunity to investigate the evolutionary processes shaping the genome of an emerging pathogen.
For this study, we randomly selected eight of the previously detected loci showing IPAPs in Z. tritici ( fig. 1 ) for a more detailed analysis. All introns were described in Torriani et al. (2011) . Five out of the eight IPAPs belong to one of the 38 identified intron families of Z. tritici. These introns most likely were involved in intraspecific intron transfer or transposition. Five of these loci did not contain the intron in the sister species Z. pseudotritici and/or Z. ardabilae, suggesting that these introns were recently gained in Z. tritici. Hereafter, we will call these the "intron-gain loci." The other three loci all had the intron presence fixed in Z. pseudotritici and Z. ardabilae, suggesting that the observed IPAPs in Z. tritici are due to recent intron loss (the "intron-loss loci"). We sequenced all eight loci in a global collection of Z. tritici and its sister species to conduct a population genetic analysis aimed at assessing the relative importance of selection and genetic drift in explaining the recent gains and losses of the corresponding introns in Z. tritici.
Results and Discussion

Hypotheses Tested
Following the studies of Llopart et al. (2002) and Omilian et al. (2008) , we tested three predictions associated with the hypothesis that natural selection and not genetic drift or demographic history is responsible for the observed IPAPs in Z. tritici populations: 1) Skewed frequency distribution. The frequency distribution of alleles under selection will be skewed toward rare variants (Braverman et al. 1995) . For the five loci that gained introns, we expect to find a skewed distribution only among the intron-present alleles. For the three loci that lost introns, we expect to find a skewed distribution only in the intron-absent alleles.
2) Reduction in nucleotide diversity. Beneficial alleles under selection rapidly increase in population frequency. Closely linked sequences are carried along through hitchhiking, leading to a reduction in genetic diversity called a selective sweep across a larger genomic region. New mutations and recombination eventually restore diversity in this region, but these appear slowly, creating an excess of rare alleles compared with other genomic regions (see prediction 1). 3) Linkage disequilibrium. Alleles under selection that sweep rapidly through a population will show lower values of recombination rate if there was insufficient time for recombination to decay the resulting linkage disequilibrium (e.g., Sabeti et al. 2002) .
Frequencies of IPAPs
Our population genetic analyses identified IPAPs at different stages of fixation. Regional and global frequencies of IPAPs for the eight characterized genes in Z. tritici are summarized in figure 2 . The relative position of each gene on its respective Intron loss refers to loci with a fixed intron presence among the ancestors but a presence-absence polymorphism in Z. tritici (see also fig. 1 ).
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Intron Gain in a Pathogenic Fungus . doi:10.1093/molbev/msu123 MBE chromosome and the length of exons and introns are given in supplementary figures S2-S10, Supplementary Material online. On the global scale, the intron frequency for the five intron-gain loci ranged from 98% at locus ID-77694 to 70% at locus ID-84625. The intron frequency observed at the three intron-loss loci ranged from 93% at locus ID-74664 to 31% at locus ID-70308. On the regional scale, the frequency of IPAPs was quite variable among Z. tritici populations, likely reflecting differences in regional selection pressure and/or differences in demographic histories. Most loci showed IPAPs in all populations, suggesting that drift is probably not a dominant force in driving IPAP to fixation in this species. But in Australia, five of the eight loci were fixed for the presence (IDs-60105, -72460, -77694, -74664) or absence of the respective intron (ID-54115). This observation of reduced intron diversity is consistent with earlier studies that concluded that Z. tritici populations in Australia experienced a genetic bottleneck as a result of a recent founder event (Banke et al. 2004; Jürgens et al. 2006 ).
Intron Sequence Analyses
Mean Tajima's D values for the intron sequences were slightly negative but none of them were significantly negative (table 1) . Estimated values ranged from D = + 1.24 to D = À1.47, resulting in an overall mean across the eight loci of D = À0.53. Similarly, none of the other frequency-based tests for neutrality resulted in significantly negative values for the intron sequences. How do these intron estimates compare with estimates of D for the flanking exon regions? Mean Tajima's D for the synonymous sites was D = À0.44, which is not significantly different from the D obtained for the introns (P = 0.599, Wilcoxon two-sample test). As nucleotide evolution at synonymous sites is generally regarded as neutral, this suggests an overall neutral evolution for the intron sequences. Estimates of nucleotide diversity ( Â10 3 ) for introns at the intron-gain loci ranged from 0 to 40.20 with an average of 10.22, which is half the average value estimated for introns at the intron-loss loci (22.19) . One hypothesis to explain this difference is that the intron gains were more recent ( 11,000 years before present [ybp] ; cf. fig. 1 ) and had less time to accumulate mutations than the older introns present in the intron-loss loci. Another hypothesis is that the introns and/or the corresponding exons flanking the introns were subjected to stronger directional selection at the introngain loci. The latter hypothesis is supported by the introns at loci ID-72460 ( = 0) and ID-77694 ( = 0.27) that had the lowest nucleotide diversity ( fig. 5 ), consistent with a rapid sweep hypothesized for the same two loci based on Tajima's D values. Because these results suggest that selection did not act on the intron itself, the next section focuses on the analyses conducted on the flanking exon regions.
Skewed Frequency Distribution of Rare Alleles
We conducted a number of tests to detect signatures of nonneutral evolution among the intron-gain and intronloss loci (table 1 and fig. 3 ). To test our hypothesis of differential selection between intron-present and intron-absent alleles, we conducted separate analyses for these two data partitions for each locus. Analyses of the five intron-gain loci yielded the following results. The average D value for the intron-present alleles was moderately negative (À0.91). In contrast, the average value for the intron-absent alleles was moderately positive (D = 0.74). This difference, although not significant (P = 0.174), is consistent with the hypothesis that selection favored the alleles possessing the intron at the intron-gain loci. More striking is that two of the intron-present alleles showed highly significant negative values ( fig. 3A) : ID-77694 (D = À2.60, P < 0.001) and ID-72460 (D = À2.55, P < 0.001). The corresponding values for the intron-absent alleles of these two loci were moderately positive for ID-77694 (D = 0.53) and significantly positive for ID-72460 (D = 2.14, P < 0.01). Figure 3B shows the distribution of Tajima's D values across all~10,000 genes present in the genome of Z. tritici. It is clear from this figure that the intron-gain alleles for the intron-gain loci ID-77694 and ID-72460 are located at the extreme end of the distribution, consistent with very strong selection operating on these two loci.
The opposing patterns of distribution of mutations among the intron-present and intron-absent alleles combined with the excess of rare mutations among the intron-present alleles indicate that loci ID-77694 and ID-72460 swept through the Z. tritici populations faster than would be expected by drift. Because both of these loci recently gained their introns, these findings indicate that selection strongly favored the intronpresent alleles. Interestingly, the coding sequences of the same loci had significantly negative D values for both their synonymous and nonsynonymous sites, a pattern consistent Fu and Li's F (FL-F) , and the normalized Fay and Wu's H (FW-Hn). *, significant deviation from zero at P < 0.05; **, significance at P < 0.01; ***, significance at P < 0.001.
with a recent and strong selective sweep affecting the entire locus (supplementary fig. S1 , Supplementary Material online). Frequency-based tests for neutrality can be sensitive to demographic processes. This is particularly true for Tajima's D test, where negative values may result from population expansion. We can rule out the possibility that such demographic processes affected our results for several reasons. First, we did not observe an excess of rare mutations (i.e., significantly negative D values) in both the intron-absent and the intron-present alleles for the same locus. Second, we obtained significant values for the same loci when Tajima's D test was applied to data sets including or excluding the Australian population that was likely affected by demographic events (Banke et al. 2004; Jürgens et al. 2006) . Finally, other estimators of neutrality, in particular Fay and Wu's H statistic that is more robust to demographic changes because it compares the distribution of high-frequency alleles with intermediatefrequency alleles (Fay and Wu 2000) , provided the same outcome.
Assuming a selective advantage for the loss of introns, the expectation is to find signatures of selection at the three intron-loss loci. However, results were less conclusive for these intron-loss loci as none showed significant D values. The average value for the intron-absent alleles was slightly positive (D = 0.59), whereas the average for the intron-present alleles was slightly negative (D = À0.68), suggesting that natural selection did not act on any of the intron-loss loci. However, FW-H estimates were significantly negative for the intron-absent alleles of locus ID-70308 Significant FW-H estimates were also found at locus ID-54115 in both intronabsent and intron-present alleles.
Reduction in Nucleotide Diversity
Our expectation is that the allele classes under putative selection (i.e., the intron-present alleles for the intron-gain loci and the intron-absent alleles for the intron-loss loci) will exhibit lower nucleotide diversity compared with the opposite allele class due to a selective sweep ( fig. 5 ). Consistent with this expectation, estimates of were lower for intron-present alleles compared with intron-absent alleles at all intron-gain loci ( fig. 4 ; average (Â10 3 ) = 12.87 for the intron-present alleles compared with (Â10 3 ) = 18.08 for the intron-absent alleles). These differences were significant at three loci that showed signatures of selection in the previous analyses, most notably at locus ID-72460 ( = 2.77 vs. 38.84). This general pattern of reduction in nucleotide diversity among the intron-gain loci affected both synonymous and nonsynonymous nucleotide positions. Consequently, these selective sweeps resulted in some dramatic reductions in protein diversity, exemplified in figure 5 for locus ID-84625.
In concordance with our finding that none of the intronloss loci were under selection according to Tajima's D, we did not find a generally reduced nucleotide diversity among the intron-absent alleles, with an average = 40.66 compared with an average = 27.27 among the intron-present alleles. Only locus ID-70308 showed a lower estimate for the intron-absent alleles (14.28 vs. 19.13), but this difference was not significant (fig. 4) .
We performed chromosome-wide scans among nine resequenced strains of the Swiss population to identify patterns of decreased nucleotide diversity and/or changes in Tajima's D estimator. We found that the intron-gain locus ID-72460 matches exactly a local depression in nucleotide diversity and Tajima's D, suggesting a selective sweep originating from this locus and a larger depression in nucleotide diversity within 50 kb (supplementary fig. S4, Supplementary Material online) . Three other intron-gain loci showed depressed nucleotide diversity and low Tajima's D within 50-70 kb of the locus (ID-60105, 72506, and 84625). The intron loss locus ID-70308 showed a similar pattern of depressed nucleotide diversity and Tajima's D within 50 kb (supplementary fig. S7 , Supplementary Material online).
Linkage Disequilibrium
A rapid selective sweep will result in linkage disequilibrium at the selected locus, which will result in lower rates of recombination compared with loci not under directional selection (Barton 2000) . The average estimated recombination rate for the intron-present alleles among the intron-gain loci was 20 times lower than found for the intron-absent alleles (3.69 Â 10 À4 vs. 7.46 Â 10
À3
). Consistent with the previous analyses of nucleotide diversity, recombination rates for intron-present alleles at all loci were significantly lower compared with the intron-absent alleles ( fig. 6 ). In contrast, we found very similar recombination rates at the three intronloss loci for both intron-absent and intron-present alleles, consistent with an absence of selection at these loci.
Comparison to Housekeeping Genes
We conducted the same analyses applied to the IPAP loci on global data sets of three housekeeping genes, that is, genes encoding actin, elongation factor, and leucine biosynthesis ( fig. 1 ). As these loci are not likely to be affected by recent selective processes, they provide a neutral background for comparison against the IPAP loci.
All three housekeeping loci showed Tajima's D values not significantly different from zero, consistent with our assumption of neutrality ( fig. 3) . Average nucleotide diversity for the intron sequences was (Â10 3 ) = 40.33, 2Â higher than the average for the intron-loss loci and 4Â higher than the average for the intron-gain loci (fig. 4 ). This pattern of higher nucleotide diversity at the intron sites of the housekeeping genes likely reflects the long-term accumulation of neutral mutations and the absence of recent selective sweeps affecting these housekeeping genes. The pattern also is consistent with recent selective sweeps affecting the intron-gain loci and to a lesser extent the intron-loss loci. In contrast, nucleotide diversity for the exon sequences of the housekeeping genes was lower than the exon diversity observed for the introngain loci ( fig. 4 ; average (Â10 3 ) = 7.09). This finding of low exon diversity and high intron diversity is expected for genes coding for proteins that are under strong functional constraints, such as housekeeping genes. As expected, analyses of linkage disequilibrium did not indicate recent selective sweeps occurring at the housekeeping loci. Accordingly, estimates of recombination rates were in the range of the highest values observed at the IPAP loci ( fig. 6 ). The average estimate of 1.07 Â 10 À2 was very similar to the average estimate across the intron-loss loci (1.29 Â 10
À2
) and the intron-absent alleles of the introngain loci (7.46 Â 10 À3 ), supporting our conclusion that these alleles were not affected by a selective sweep.
Transcription Analyses
Expression results for all genes were obtained from an RNAseq experiment using the Swiss isolate 3D7 and are summarized in supplementary figure S10 (Supplementary Material online). Consistent with the conserved functional properties associated with housekeeping genes, all three genes were expressed constitutively at approximately the same level across the different life-cycle stages of Z. tritici. In contrast, most of the IPAP loci showed significant differences in expression during different stages in the life cycle. For example, the intron-gain locus ID-72460 that shows signatures of a selective sweep was expressed~3Â more in the necrotrophic phase compared with the biotrophic phase and was expressed~10Â less in the saprotrophic phase compared with the biotrophic phase. Similar patterns of differential expression were reported previously for several cell-wall degrading enzymes in Z. tritici, and associated with selection for host adaptation and specialized functions during different lifecycle stages (Brunner et al. 2013 ). We did not find evidence for alternative splicing and resulting isoforms of the corresponding proteins for any of the IPAP loci. Our RNAseq experiment however only includes one isolate, and we cannot rule out that other isoforms are transcribed in other isolates.
Alternative Evolutionary Scenarios
So far, we made the parsimonious assumption that introns present in Z. tritici but absent in the two sister species Z. pseudotritici and Z. ardabiliae represent intron gains in Z. tritici ( fig. 1) . However, an alternative evolutionary scenario is that the intron-gain loci actually represent ancestral intronpresence alleles, where the introns were lost independently in the sister species. We consider this violation of parsimony as very unlikely given the results of our analyses. Our interpretation of a recent intron gain at these loci implies a reduced accumulation of nucleotide diversity at the intron sites compared with the respective exon regions due to their shorter evolutionary history. The generally lower nucleotide diversity of the introns compared with the respective exon regions is shown in figure 4 . For example, the nucleotide diversity of the exon regions of loci ID-72460 and ID-77694 are 0.0027 and 0.0017. The corresponding intron diversities are clearly lower with values of 0.0000 and 0.0002, respectively.
To further test the alternative hypothesis, we conducted coalescent-based analyses to specifically test the intron-gain hypothesis by simulating times to the most recent common ancestors (TMRCA) for introns and exons separately. Because there was no nucleotide variation for the intron in gene ID-72460, we could only compare gene ID-77694 with one of the housekeeping genes. The results show nonoverlapping distributions of TMRCA, indicating significantly different coalescent times for intron and exon sequences. Furthermore, the estimates of TMRCA for the intron sequences are much younger (i.e., closer to zero/more recent), than the estimates for the exon sequences, thus fully supporting our assumption of intron gain at this locus. In contrast and as expected, the housekeeping gene largely shows overlapping distributions of TMRCA for introns and exons, suggesting a long common coalescent history for these two gene regions (supplementary fig. S11 , Supplementary Material online).
Conclusions
We conducted population genetic analyses to assess the contribution of selection to the within-species IPAPs found in natural populations of the plant pathogenic fungus Z. tritici and its two sister species. None of the intron-loss loci appeared to be under selection. In contrast, we found compelling evidence that at least two out of the five intron-gain loci, ID-77694 (SWIM zinc-finger) and ID-72460 (sugar transporter) are under directional selection. These findings suggest that the intron-present alleles of these loci are sweeping to fixation in the global population, providing a hitchhiking mechanism to explain the rapid intron gain observed in Z. tritici.
Materials and Methods
In a recent study, we utilized population genomic comparisons to identify transitory phases of intron gains and losses in three closely related fungi (Torriani et al. 2011) . We found 74 intron positions showing intraspecific presence-absence polymorphisms for the entire intron. For this study, we selected eight of these loci showing IPAPs in Z. tritici ( fig. 1) . We sequenced five genes that exhibited a rapid intron gain in Z. tritici compared with its ancestor Z. ardabiliae (Gene IDs-60105, -72460, -72506, -77694, and -84625) and three genes that showed a rapid intron loss . Gene IDs were assigned according to the annotated Z. tritici reference genome isolate IPO323 (Goodwin et al. 2011 ).
Zymoseptoria Isolates, DNA Isolation, and Sequencing All Zymoseptoria isolates used in this study originated from natural infections (fig. 2) . The Z. tritici isolates were collected from four geographically distant wheat fields: one each from Oregon, USA (n = 53), Australia (n = 30), Switzerland (n = 32), and Israel (n = 24). These field populations were characterized previously using restriction fragment length polymorphisms and quantitative traits (Zhan et al. 2005) . The isolates from Z. pseudotritici (n = 26) and Z. ardabiliae (n = 33) were collected in Iran on wild grasses (Stukenbrock et al. 2007) . As a comparison for intron evolution at loci showing no IPAP, we analyzed sequences from three previously described housekeeping genes, that is, genes encoding actin, elongation factor, and leucine biosynthesis ( Primers used to polymerase chain reaction (PCR)-amplify the genes were designed to include the exon sequences flanking the intron site in both directions. PCR amplicons were sequenced in both directions using the same primers on an ABI 3730 xl sequencer (Applied Biosystems). Obtained nucleotide sequences were aligned using MAFFT (Multiple Alignment using Fast Fourier Transform; Katoh et al. 2009 ) and edited and partitioned using BIOEDIT (Hall 1999) to generate three data sets: intron sequences, intron-present alleles, and intron-absent alleles.
We obtained whole-genome resequencing single nucleotide polymorphism data for nine resequenced isolates of the Swiss population in order to perform chromosome-wide scans of nucleotide diversity ).
Population Genetic Analyses
We used the program DnaSP v5 (Librado and Rozas 2009 ) to calculate population genetic parameters and estimate deviation from neutral expectations for the three data partitions. Nucleotide diversity was estimated as , the average number of nucleotide differences per site between two sequences (Tajima 1983) . Neutrality tests included four frequencybased tests of allelic variation: Tajima's D (Tajima 1989) , Fu and Li's D and F (Fu and Li 1993) , and Fay and Wu's H (Fay and Wu 2000) . The tests of Fu and Li and Fay and Wu were conducted using the closely related sister species Z. ardabiliae and Z. pseudotritici as outgroups.
Recombination rates between alleles containing or lacking the intron were estimated using the full-likelihood and coalescence-based method implemented in the program LAMARC v2.1.8 (Kuhner 2006) . Parameters estimated by LAMARC included , the effective number of individuals, and r, the product of the recombination rate per site per generation and the neutral mutation rate per site per generation. From these parameters, we obtained the population recombination rates 2N e r = Â r. Felsenstein 84 (F84) was used as the nucleotide substitution model, and the transition/transversion ratios were set individually for each gene according to estimates obtained using the program MEGA (Tamura et al. 2011 ).
Expression Analyses
The hemibiotrophic pathogen Z. tritici displays a life cycle composed of three phases: an initial biotrophic and asymptomatic phase spanning 10-12 days post-inoculation (dpi), followed by a necrotrophic period lasting 1-4 days during which the wheat leaf tissue is killed, and a saprotrophic phase during which the pathogen finishes its reproductive cycle and lives as a saprophyte on the dead leaves. We recently conducted RNAseq analyses (Morin et al. 2008 ) to determine genome-wide gene expression profiles during each phase in the pathogen life cycle. A detailed description of the experiment is given in Brunner et al. (2013) . From this experiment, data for the eight IPAP loci and the three housekeeping genes were extracted to confirm their expression in planta and to assess their relative levels of expression during the pathogen life cycle.
Coalescent Analyses
We conducted coalescent-based analyses to specifically test the intron-gain hypothesis by simulating TMRCA for introns and exons separately. The expectation was that recently gained introns will show a more recent coalescent time than the corresponding exon sequences. The TMRCA of the intron and exon sequences was inferred using the coalescent-based Bayesian Markov chain Monte Carlo (MCMC) method implemented in the program BEAST version 1.4.1 (Drummond and Rambaut 2007) . A strict molecular clock model was applied with "exponential growth" as the tree prior. Using other priors (e.g., relaxed molecular clock) did not change the overall results. To allow a direct comparison with the neutral intron evolution, only variation at silent sites from the exon regions were included in the analyses. The MCMC analyses were run for 10 7 generations, sampling every 1,000th iteration after an initial burn in of 10%. The performance of the MCMC process was checked for stationarity and large effective sample sizes in TRACER (available from http://beast.bio.ed.ac.uk/software/tracer/, last accessed April 18, 2014). The 95% credibility intervals of the estimated TMRCAs were depicted using TRACER.
Supplementary Material
Supplementary figures S1-S11 are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjour nals.org/).
